INTRODUCTION {#s1}
============

Coxiella burnetii is a Gram-negative intracellular pathogen that causes human Q fever, a zoonotic disease that is commonly transmitted to humans through inhalation of by-products generated by infected domestic livestock ([@B1]). C. burnetii colonizes alveolar macrophages, where it occupies a vacuole that matures canonically within the endosomal pathway, culminating in lysosome fusion ([@B2]). By mechanisms not fully understood, C. burnetii resists degradation by acid hydrolases delivered by ongoing fusion of lysosomes with the *Coxiella*-containing vacuole (CCV). The vacuole contains lysosomal components that include lysosome-associated membrane proteins (LAMPs), cathepsins, and Rab7. The lengthy C. burnetii intracellular replication cycle lasts approximately 6 days, at which point the mature CCV phenotypically resembles an overgrown phagolysosome that can contain hundreds of bacteria ([@B3] [@B4] [@B5]). Effector proteins delivered into the host cell by the C. burnetii type 4B secretion system (T4BSS) direct CCV modifications required for pathogen growth ([@B6] [@B7] [@B10]). The T4BSS apparatus is encoded by defective in organelle trafficking/intracellular multiplication (*dot*/*icm*) genes. Defects in CCV biogenesis and intracellular replication occur in C. burnetii strains containing mutations in critical *dot*/*icm* or effector-encoding genes ([@B8], [@B10] [@B11] [@B13]). Several features, including promiscuous fusogenicity, prominent size, temporal stability, and the ability to foster C. burnetii growth, distinguish the CCV from native lysosomal organelles. These characteristics provide clues for identifying host pathways that participate in formation of this specialized replication niche.

Lysosome-vacuole fusion occurs continuously within resting macrophages and generates hybrid organelles, such as phagolysosomes, autolysosomes, and CCVs that degrade vacuole-bound cargo ([@B4], [@B14] [@B15] [@B17]). Lysosomal organelles modulate their degradative capacity to accommodate the metabolic requirements of the cell under a variety of environmental growth conditions. Nutrient sensing and regulatory functions of lysosomal organelles are primarily mediated by the master regulatory kinase mammalian (or mechanistic) target of rapamycin (mTOR) complex 1 (mTORC1), a heteromeric complex composed of the Ser/Thr kinase mTOR, regulatory-associated protein of mTOR (Raptor), mammalian lethal with SEC13 protein 8 (MLST8), proline-rich Akt substrate of 40 kDa (PRAS40), and DEP domain-containing mTOR interacting protein (DEPTOR) ([@B18], [@B19]). mTORC1 sensing of intracellular amino acid levels is mediated by Rag GTPases, whereas sensing of other growth determinants, including glucose, insulin, growth factors, and hypoxia, is mediated by the tuberous sclerosis complex (TSC) ([@B18] [@B19] [@B20]). RagA or RagB forms heterodimers with RagC or RagD that exhibit GTPase activity on the lysosomal surface when the levels of amino acids are sufficient ([@B21], [@B22]). TSC is a GTPase-activating protein (GAP) that inhibits Rheb GTPase activity ([@B19]). Active GTPases of both Rheb and Rag are required for mTORC1 activation and recruitment to the lysosome surface ([@B18] [@B19] [@B20]).

In fully fed cells, active mTORC1 is recruited to the lysosome surface, where it promotes biosynthesis of macromolecules via phosphorylation of numerous downstream effectors, including elF4E-binding protein 1 (4E-BP1) and p70 S6 kinase 1 (S6K1). Phosphorylation by mTORC1 also negatively regulates several factors important for the induction of macroautophagy (here termed autophagy) ([@B18], [@B19]). These include the lysosomal gene transcription factors TFE3 and TFEB (TFE3/B). When cell nutrients are depleted, mTORC1 inactivation triggers a cascade of events that block cell biosynthesis and growth and result in increased cellular catabolism mediated by autophagy. Heightened lysosome fusogenicity in response to mTORC1 inhibition, along with TFE3/B-dependent synthesis of lysosomal components, results in formation of large, fusogenic lysosomal organelles that accommodate the surge of incoming cargo targeted for degradation via autophagy ([@B19], [@B23]). Microtubule-associated protein 1A/1B-light chain 3 (LC3) and sequestome-1 (p62/SQSTM1) are autophagy-related proteins involved in autophagosome biogenesis, cargo selection, and lysosome fusion. Cellular levels of lipidated LC3 (LC3-II) and p62 spike at the onset of accelerated autophagy until degradation increases and LC3-II and p62 levels diminish. Consequently, measurement of LC3 and p62 levels can be used to assess autophagic flux, a measure of degradation activity within cells ([@B24]).

The CCV fuses with autophagic vesicles and labels with autophagy-related proteins, including p62, LC3, Beclin-1, and Rab24 GTPase ([@B3], [@B9], [@B25] [@B26] [@B29]). Inhibition of C. burnetii protein synthesis, or disruption of the T4BSS, reduces GFP-LC3 recruitment to the CCV ([@B27], [@B28]). These observations are consistent with the finding that the T4BSS effector CvpB (Cig2/CBU0021) is required for LC3 recruitment to the CCV ([@B9], [@B26]). Mutation of *cvpB*, or depletion of autophagy-related proteins ATG5, ATG12, or STX17, produces defects in CCV fusion but not in bacterial replication ([@B9], [@B30]). Data showing recruitment of autophagy-related proteins to the CCV, along with greater CCV expansion when autophagy is activated, led to speculation that cell catabolism by autophagy supplies nutrients for C. burnetii replication ([@B3], [@B25], [@B31], [@B32]). Infected cells contain increased levels of LC3 and p62 ([@B9], [@B28], [@B32]). Levels of p62 remain elevated in infected macrophages after autophagic flux is induced by starvation, suggesting that C. burnetii selectively blocks p62 degradation ([@B32], [@B33]). Autophagy is controlled (in part) by Vps34, a class III phosphoinositide 3-kinase (PI3K) that catalyzes production of phosphatidylinositol 3-phosphate (PI3P) on target membranes, which leads to nucleation of autophagic vesicles ([@B34], [@B35]). Observations that inhibitors of PI3K impair C. burnetii infection ([@B3], [@B25]) and CCV fusion ([@B32]) have led to the idea that autophagic trafficking contributes to C. burnetii parasitism. However, the absence of C. burnetii replication defects in cells depleted of essential autophagy components, such as ATG5 and ATG12, suggests that cell catabolism via autophagy is dispensable for pathogen replication ([@B9]).

Here, the activity of mTORC1 during C. burnetii infection was characterized to enable better understanding of the importance of autophagy and lysosome biosynthesis in CCV production and pathogen replication. Under conditions of culture in axenic medium, C. burnetii preferentially consumes amino acids and peptides for growth ([@B36]). Thus, this study also examined whether C. burnetii subverts amino acid-dependent regulation of mTORC1 to promote growth within the CCV. We report that C. burnetii inhibits mTORC1 by a mechanism that is independent of amino acid-dependent regulatory pathways. Interestingly, inhibition of mTORC1 by C. burnetii promotes replication by a process that does not activate autophagy. In contrast, canonical inhibition of mTORC1 and activation of autophagy do not benefit C. burnetii growth.

RESULTS {#s2}
=======

C. burnetii*-*infected cells exhibit decreased endolysosomal localization of mTOR. {#s2.1}
----------------------------------------------------------------------------------

The activity of mTORC1 was initially assessed in cells infected with C. burnetii by examining its subcellular localization. HeLa cells infected with C. burnetii for 72 h in RPMI medium with 10% fetal bovine serum (FBS) (complete medium) were incubated in (i) fresh complete medium for 4.5 h, (ii) RPMI medium lacking amino acids and serum (AA^−^ medium) for 4.5 h, or (iii) AA^−^ medium for 4 h followed by complete medium for 30 min. Samples were fixed and immunostained for C. burnetii, mTORC1, and the endolysosomal marker CD63 ([Fig. 1A](#fig1){ref-type="fig"}). As predicted, localization of mTORC1 to CD63^+^ vesicles decreased in cells incubated in AA^−^ medium compared to cells incubated in complete medium. Moreover, incubation of amino-acid-starved cells in complete medium increased mTORC1 CD63 colocalization ([Fig. 1B](#fig1){ref-type="fig"}). However, in infected cells incubated in AA^−^ medium or complete medium following starvation, the amount of localization of mTORC1 to CD63^+^ endolysosomal membranes was significantly less than that seen with uninfected cells treated in parallel. In complete medium, cells infected 72 or 120 h with wild-type C. burnetii showed reduced localization of mTORC1 to CD63^+^ vesicles, but cells infected with the Δ*dotA* mutant did not exhibit reduced localization (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material). In this experiment, mutant Δ*dotA* replication defects ([@B11]) were accounted for by infection with 10-fold more mutant bacteria (10× Δ*dotA* bacteria) than wild-type C. burnetii ([Fig. S2A](#figS2){ref-type="supplementary-material"}). These data indicate that C. burnetii inhibits mTORC1 recruitment to the CCV and other endolysosomal membranes.

![C. burnetii-infected cells exhibit decreased endolysosomal localization of mTOR. HeLa cells infected with C. burnetii for 72 h in complete medium were incubated in (i) fresh complete medium for 4.5 h (Comp); (ii) AA^−^ medium for 4.5 h (AA^−^); or (iii) AA^−^ medium for 4 h followed by complete medium for 30 min (AA^+^). (A) Representative fluorescence micrographs of HeLa cells stained at 72 hpi for DNA (blue), CD63 (red), mTOR (green), and C. burnetii (gray) (scale bar, 10 µm). (B) Subcellular localization of mTOR in HeLa cells left uninfected (UI) or infected with wild-type C. burnetii (WT). The plot depicts means ± standard deviations for the ratio of lysosomal (CD63^+^) mTOR signal to cytosolic (lys/cyto) mTOR signal (*n* = \>50 cells). Data are representative of results from three independent experiments. Asterisks indicate statistical significance (\*\**\**, *P \< *0.001). Scale bar, 10 µm.](mBio.02816-18-f0001){#fig1}
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C. burnetii inhibition of mTOR endolysosomal localization is T4BSS dependent. Data represent subcellular localization of mTOR in HeLa cells left uninfected (UI) or infected with wild-type C. burnetii (WT) or the *ΔdotA* mutant for 72 h (A) or 120 h (B) in complete medium. The plot depicts means ± standard deviations of data representing the ratio of lysosomal (CD63^+^) mTOR signal to cytosolic (lys/cyto) mTOR signal (*n* = \>100 cells). Data are representative of results from three independent experiments. Asterisks indicate statistical significance (\*, *P \< *0.05). Download FIG S1, PDF file, 0.5 MB.

This is a work of the U.S. Government and is not subject to copyright protection in the United States. Foreign copyrights may apply.

10.1128/mBio.02816-18.2

The viability of THP-1 macrophages infected with C. burnetii does not decrease in mTORC1-inhibiting growth media. (A) Representative fluorescence micrographs of THP-1 macrophages infected with wild-type C. burnetii (WT) or the *ΔdotA* mutant at a multiplicity of infection of 100 or 1,000, respectively, for 72 h in complete medium. DNA, C. burnetii, and host cells were stained blue, green, and magenta, respectively. (B) Percent cytoxicity displayed by THP-1 macrophages infected for 72 h with C. burnetii in complete (Comp), AA^−^, Torin-1, or Gluc^−^ medium. Percent cytotoxicity was determined using the CytoTox 96 Non-Radioactive Cytotoxicity assay (Promega, Madison, WI) according to the manufacturer's instructions. The plot depicts means ± standard deviations of the percentage of cytotoxic cells detected within each of the indicated samples for three independent experiments. Scale bar, 20 µm. Download FIG S2, PDF file, 0.8 MB.

This is a work of the U.S. Government and is not subject to copyright protection in the United States. Foreign copyrights may apply.

C. burnetii inhibits mTORC1 kinase activity in a T4BSS-dependent manner. {#s2.2}
------------------------------------------------------------------------

Phosphorylation of 4E-BP1 Thr37/46 and S6K1 Thr389 by mTORC1 is inhibited in cells cultured without amino acids or in the presence of the mTOR catalytic inhibitor Torin-1 ([@B37]). The effect of C. burnetii infection on 4E-BP1 phosphorylation was examined in THP-1 macrophages maintained in complete medium, AA^−^ medium, or complete medium plus Torin-1 (Torin-1 medium). AA^−^ medium and Torin-1 medium were included to assess mTORC1 activity during amino acid starvation and as a positive control for mTORC1 inhibition, respectively. Uninfected or infected macrophages cultured in the respective media for 4, 24, or 72 h were lysed and immunoblotted with phosphospecific 4E-BP1 antibody ([Fig. 2A](#fig2){ref-type="fig"}). Elevated cell cytotoxicity was not observed here and elsewhere in cells cultured in AA^−^ medium or Torin-1 medium ([Fig. S2B](#figS2){ref-type="supplementary-material"}). Overall reductions in the levels of phosphorylated 4E-BP1 (p4E-BP1) in cells incubated in AA^−^ medium or Torin-1 medium compared to complete medium indicated that culture in AA^−^ medium or Torin-1 medium inhibited mTORC1 ([Fig. 2B](#fig2){ref-type="fig"}). Notably, cells infected with C. burnetii exhibited reduced levels of p4E-BP1 relative to uninfected cells, with significant reductions associated with infected cells cultured in AA^−^ medium at 4 and 24 h postinfection (hpi), in complete medium at 24 hpi, and under all culture conditions at 72 hpi ([Fig. 2B](#fig2){ref-type="fig"}). Reduced phosphorylation of 4E-BP1 in infected human peripheral blood mononuclear cell (PBMC)-derived macrophages ([Fig. 2C](#fig2){ref-type="fig"}) and infected HeLa cells ([Fig. S3](#figS3){ref-type="supplementary-material"}) demonstrated that the mTORC1 inhibition was not cell type specific. To determine if mTORC1 inhibition requires an intact *dot*/*icm* T4BSS, infections were conducted with 10× Δ*dotA* mutant bacteria or wild-type bacteria. Phosphorylation of 4E-BP1 and S6K1 was reduced in cells infected for 24 or 72 h with wild-type C. burnetii but not in cells infected with the Δ*dotA* mutant ([Fig. 2D](#fig2){ref-type="fig"}). Collectively, these data demonstrate that C. burnetii inhibits mTORC1 in a T4BSS-dependent fashion.

![C. burnetii inhibits mTORC1 kinase activity in a T4BSS-dependent manner. (A) Immunoblot of lysates from infected or uninfected THP-1 macrophages incubated for 4, 24, or 72 h in complete (Comp), AA^−^, or Torin-1 medium probed with antibodies against phosphorylated 4E-BP1 Thr37/46 (p4E-BP1), 4E-BP1, or actin. (B) Quantitation of p4E-BP1 signal detected by immunoblot of lysates from THP-1 macrophages left uninfected (UI) or infected with wild-type C. burnetii (WT). The plot depicts means ± standard deviations of p4E-BP1 signal normalized to the actin loading control relative to uninfected cells in complete medium for three independent experiments. (C) Immunoblot of lysates from infected or uninfected human peripheral blood mononuclear cell (PBMC)-derived macrophages incubated for 4, 24, or 72 h in complete medium or complete medium with Torin-1 probed with antibodies against p4E-BP1 or actin. Data are representative of results from three independent experiments. (D) Immunoblot of lysates from THP-1 macrophages left uninfected or infected with wild-type C. burnetii or the *ΔdotA* mutant for 24 or 72 h in complete medium probed with antibodies against p4E-BP1, 4E-BP1, phosphorylated S6 kinase 1 Thr389 (pS6K1), S6K1, EF-Ts, or actin. (E) Quantitation of p4E-BP1 signal in panel D. Plots depict means ± standard deviations of p4E-BP1 or pS6K1 signal normalized to the actin loading control compared to uninfected cells for three independent experiments. Asterisks indicate statistical significance (*\**, *P \< *0.05; \**\**, *P \< *0.01).](mBio.02816-18-f0002){#fig2}
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Infected HeLa cells exhibit reduced phosphorylation of 4E-BP1. Immunoblot of lysates from uninfected or C. burnetii*-*infected HeLa cells incubated for 4, 24, or 72 h in complete (Comp), AA^−^, or Torin-1 medium. Blots were probed with antibodies against phosphorylated 4E-BP1 Thr37/46 (p4E-BP1) or actin was performed. Download FIG S3, PDF file, 0.2 MB.

This is a work of the U.S. Government and is not subject to copyright protection in the United States. Foreign copyrights may apply.

Nutrient replenishment does not rescue C. burnetii inhibition of mTORC1. {#s2.3}
------------------------------------------------------------------------

The observation that complete medium does not rescue mTORC1 endolysosomal localization within infected cells ([Fig. 1](#fig1){ref-type="fig"}) suggests that C. burnetii might interfere with the activation of mTORC1 by amino acids. To investigate this possibility, uninfected THP-1 macrophages, or macrophages infected with wild-type C. burnetii or 50× Δ*dotA* mutant, were cultured in AA^−^ medium for 24 or 72 h and then incubated in complete medium for an additional 15, 30, or 60 min before lysis. As controls, lysates of uninfected and infected cells maintained for the entire course of the experiment in complete or AA^−^ medium were also collected. Cell lysates were immunoblotted for p4E-BP1 to asses mTORC1 activity ([Fig. 3A](#fig3){ref-type="fig"} and [C](#fig3){ref-type="fig"}). After starvation for 24 or 72 h, uninfected cells and cells infected with the Δ*dotA* mutant showed comparable increases in p4E-BP1 when subsequently incubated in complete medium ([Fig. 3B](#fig3){ref-type="fig"} and [D](#fig3){ref-type="fig"}). Incubation in complete medium also stimulated phosphorylation of 4E-BP1 in starved cells infected with wild-type C. burnetii; however, p4E-BP1 levels were reduced relative to uninfected cells and cells infected with the Δ*dotA* mutant. At 24 h, p4E-BP1 levels were reduced in wild-type infected cells starved of amino acids and after incubation for 15 min in complete medium whereas incubation for 30 min restored p4E-BP1 to the control levels ([Fig. 3B](#fig3){ref-type="fig"}). At 72 h, p4E-BP1 levels were reduced in starved cells infected with wild-type C. burnetii after incubation for up to 60 min in complete medium ([Fig. 3D](#fig3){ref-type="fig"}). Incubation of starved cells infected with wild-type C. burnetii with higher concentrations of amino acids did not rescue p4E-BP1 reductions ([Fig. S4](#figS4){ref-type="supplementary-material"}). Although wild-type infection reduced 4E-BP1 phosphorylation, the overall increase in the levels of p4E-BP1 stimulated by nutrient replenishment in wild-type-infected cells was comparable to the increase associated with uninfected cells and cells infected with the Δ*dotA* mutant ([Fig. S5](#figS5){ref-type="supplementary-material"}). Together, these data indicate that C. burnetii maintains mTORC1 inhibition when amino acids are replete and that mTORC1 is responsive to amino acid activation during infection. Throughout these experiments, we observed an additive inhibitory effect on phosphorylation of 4E-BP1 and recruitment of mTORC1 to the lysosomal surface ([Fig. 1](#fig1){ref-type="fig"}) when cells were infected with wild-type bacteria and starved ([Fig. 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}; see also [Fig. S4](#figS4){ref-type="supplementary-material"}). These effects were not rescued by nutrient repletion. Collectively, these results indicate that C. burnetii and amino acids regulate mTORC1 by separate mechanisms.

![Nutrient replenishment does not rescue inhibition of mTORC1. (A and C) Immunoblots of lysates from THP-1 macrophages left uninfected (UI) or infected with wild-type C. burnetii (WT) or the *ΔdotA* mutant. Cells were incubated for 24 h (A) or 72 h (C) in complete (Comp) or AA^−^ medium or in AA^−^ medium followed by incubation with fresh complete medium for 15, 30, or 60 min. Immunoblots were probed with antibodies against phosphorylated 4E-BP1 Thr37/46 (p4E-BP1), 4E-BP1, EF-Ts, or actin. (B and D) Quantitation of p4E-BP1 signal in panels A and C, respectively. Plots depict means ± standard deviations of p4E-BP1 signal normalized to the actin loading control compared to the respective control cells in complete medium for three independent experiments. Asterisks indicate statistical significance (*\**, *P \< *0.05; \*\**\**, *P \< *0.001).](mBio.02816-18-f0003){#fig3}

10.1128/mBio.02816-18.4

Addition of extra amino acids does not rescue reduced phosphorylation of 4E-BP1 in C. burnetii-infected THP-1 cells. (A) Immunoblot of lysates from infected or uninfected THP-1 macrophages incubated for 72 h in complete (Comp), AA^−^, or Torin-1 medium with or without additional incubation for 30 min in Comp medium plus additional essential and nonessential amino acids (+AA). Blots were probed with antibodies against phosphorylated 4E-BP1 Thr37/46 (p4E-BP1) or actin. (B) Quantitation of p4E-BP1 signal in panel A. The plot depicts means ± standard deviations of p4E-BP1 signal normalized to the actin loading control relative to respective control cells in complete medium for three independent experiments. Asterisks indicate statistical significance (\*, *P \< *0.05; \*\*\*, *P \< *0.001). Download FIG S4, PDF file, 0.3 MB.

This is a work of the U.S. Government and is not subject to copyright protection in the United States. Foreign copyrights may apply.
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Increases in p4EB-BP1 levels are comparable in uninfected and infected cells when they are starved and then incubated with nutrient-rich medium. THP-1 macrophages left uninfected (UI) or infected with wild-type C. burnetii (WT) or the *ΔdotA* mutant were incubated for 24 h (top) or 72 h (bottom) in AA^−^ medium followed by incubation with fresh complete medium for 15, 30, or 60 min. Immunoblots ([Fig. 3A](#fig3){ref-type="fig"} and [B](#fig3){ref-type="fig"}) were probed with antibodies against phosphorylated 4E-BP1 Thr37/46 (p4E-BP1) or actin. Plots depict means ± standard deviations with trendlines fitted by linear regression of p4E-BP1 signal normalized to the actin loading control for three independent experiments. Download FIG S5, PDF file, 0.5 MB.

This is a work of the U.S. Government and is not subject to copyright protection in the United States. Foreign copyrights may apply.

Levels of LC3 and p62 are elevated in infected cells, and the proteins are efficiently degraded when autophagy is induced by starvation. {#s2.4}
----------------------------------------------------------------------------------------------------------------------------------------

Amplified cell catabolism promoted by inhibition of mTORC1 during cell starvation is mediated (in part) by increased autophagic flux ([@B23]). C. burnetii inhibits mTORC1; however, previous reports showed that macrophages infected with C. burnetii displayed elevated amounts of LC3 and p62 without autophagic flux ([@B28]). Thus, C. burnetii appears to inhibit mTORC1 without inducing cell catabolism via autophagy. To examine this possibility, LC3 and p62 levels were examined at 72 hpi, a time point corresponding to robust inhibition of mTORC1 by C. burnetii. Immunoblots revealed that infected THP-1 macrophages incubated in complete medium contained significantly more LC3 and p62 than uninfected cells at 72 hpi ([Fig. 4A](#fig4){ref-type="fig"}) but not at 4 or 24 hpi ([Fig. S6A](#figS6){ref-type="supplementary-material"}). These data are consistent with a previous report showing that LC3 and p62 accumulate at later time points postinfection and support the conclusion that C. burnetii does not induce autophagic flux ([@B28]). At 72 hpi, macrophages infected with 10× Δ*dotA* mutant contained less LC3 than cells infected with wild-type C. burnetii, whereas p62 levels were similar ([Fig. 4A](#fig4){ref-type="fig"}). This suggested that the increase in LC3 levels during infection is effector driven, which is consistent with previous reports ([@B9], [@B26]). Infected macrophages cultured in AA^−^ or Torin-1 medium for 72 h contained less LC3 and p62 than infected cells in complete medium, but contained more LC3 and p62 than uninfected cells cultured under the same conditions ([Fig. S6A](#figS6){ref-type="supplementary-material"} and [B](#figS6){ref-type="supplementary-material"}). To determine whether accumulation of LC3 and p62 by infected cells correlates with defects in autophagic degradation, autophagy was activated by starving cells in Hanks' balanced salt solution (HBSS). HeLa cells were chosen for these experiments because they exhibit prototypical processing of LC3 and p62 in response to starvation ([@B24]). HeLa cells infected for 72 h in complete medium contained more LC3 and p62 than uninfected cells ([Fig. 4B](#fig4){ref-type="fig"}). Incubation in HBSS induced autophagic flux in both infected and uninfected cells as evidenced by time-dependent decreases in LC3 and p62 levels ([Fig. 4B](#fig4){ref-type="fig"}). Infected cells contained more LC3 and p62 than uninfected cells throughout the starvation time course ([Fig. 4C](#fig4){ref-type="fig"} and [D](#fig4){ref-type="fig"}). However, a comparison of the time-dependent decreases revealed that the infected cells degraded more LC3 and p62 than the uninfected cells ([Fig. S6C](#figS6){ref-type="supplementary-material"}). Immunoblots of lysates from THP-1 macrophages for LC3 and p62 confirmed that C. burnetii does not inhibit LC3 or p62 degradation ([Fig. S6D](#figS6){ref-type="supplementary-material"}). Collectively, these data indicate that C. burnetii does not activate or inhibit autophagic flux. Starvation also results in decreased cell size and cessation of cell proliferation ([@B38]). However, the mean cell area occupied by infected HeLa cells was larger than that occupied by uninfected cells ([Fig. S7](#figS7){ref-type="supplementary-material"}). This result is consistent with a previous report showing that C. burnetii does not inhibit host cell replication ([@B39]). Thus, cumulative evidence indicates that inhibition of mTORC1 by C. burnetii does not promote cell catabolism.

![Levels of LC3 and p62 are elevated in infected cells and the proteins are efficiently degraded when autophagy is induced by starvation. (A) Immunoblot of lysates from THP-1 macrophages left uninfected (UI) or infected with wild-type C. burnetii (WT) or the *ΔdotA* mutant for 72 h in complete medium. Immunoblots were probed with antibodies against LC3, p62, EF-Ts, or actin. Plots depict means ± standard deviations of LC3 or p62 signal normalized to the actin loading control for three independent experiments. (B) Immunoblot of lysates from HeLa cells left uninfected (UI) or infected with wild-type C. burnetii (WT) for 72 h in complete medium (Comp) or subjected to continued incubation in HBSS for the indicated times. Immunoblots were probed with antibodies against LC3, p62, or actin. (C and D) Quantitation of LC3 (C) and p62 (D) signals in panel B. Plots depict means of signal data ± standard deviations of results from three independent experiments. Asterisks indicate statistical significance (*\**, *P \< *0.05; \**\**, *P \< *0.01).](mBio.02816-18-f0004){#fig4}

10.1128/mBio.02816-18.6

Infected cells contain more LC3 and p62 than uninfected cells and exhibit robust autophagic flux when starved. (A) Immunoblot of lysates from infected or uninfected THP-1 macrophages incubated for 4, 24, or 72 h in complete, AA^−^, or Torin-1 medium probed with antibodies against LC3, p62, or actin. (B) Quantitation of LC3 (left) or p62 (right) signal in panel A. The plot depicts means ± standard deviations of signal normalized to the actin loading control relative to cells in complete medium at 72 h for three independent experiments. (C) LC3 (left) or p62 (right) degradation rates in HeLa cells left uninfected (UI) or infected with wild-type C. burnetii (WT) for 72 h in complete medium and then incubated for the indicated times with HBSS. Plots depict mean signal data ± standard deviations with trendlines fitted by linear regression for three independent experiments. (D) Immunoblot of lysates from HeLa cells left uninfected (UI) or infected with wild-type C. burnetii (WT) for 72 h in complete medium, then incubated for the indicated times with HBSS and probed with antibodies against LC3, p62, or actin. Asterisks indicate statistical significance (\*, *P \< *0.05). Download FIG S6, PDF file, 0.5 MB.

This is a work of the U.S. Government and is not subject to copyright protection in the United States. Foreign copyrights may apply.
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Infected HeLa cells are larger than uninfected cells. The plot depicts means ± standard deviations of the cell area occupied by HeLa cells left uninfected (UI) or infected with wild-type (WT) C. burnetii measured in three independent experiments (*n* = \>10,000 cells measured). Cell area was quantitated using CellProfiler. Each of the three independent data sets was normalized by dividing by the mean area of respective uninfected cells. Asterisks indicate statistical significance (\*\*\*\*, *P \< *0.0001). Download FIG S7, PDF file, 0.2 MB.

This is a work of the U.S. Government and is not subject to copyright protection in the United States. Foreign copyrights may apply.

TFE3/B activity promotes CCV biogenesis without benefiting C. burnetii replication. {#s2.5}
-----------------------------------------------------------------------------------

TFE3/B are functionally redundant transcription factors that direct expression of lysosomal genes. Inhibition of mTORC1 allows TFE3/B translocation to the nucleus and transcription of lysosomal genes, leading to enlargement of the lysosomal compartment and enhanced lysosomal degradation ([@B23], [@B40]). Nuclear translocation of active TFE3 was examined in infected cells by immunofluorescence microscopy ([Fig. 5A](#fig5){ref-type="fig"}). Infected HeLa cells exhibited greater levels of nuclear TFE3 signal than uninfected cells, with significant increases occurring at 48 and 72 hpi ([Fig. 5B](#fig5){ref-type="fig"}). In HeLa cells or THP-1 macrophages infected with 10× Δ*dotA* mutant, TFE3 nuclear translocation was comparable to that seen with cells infected with wild-type C. burnetii ([Fig. S8](#figS8){ref-type="supplementary-material"}). This indicates that C. burnetii activates TFE3 independently of T4BSS activity. To investigate the contribution of TFE3/B to C. burnetii infection, pathogen growth was examined in TFE3/B double-knockout RAW mouse macrophages ([Fig. 6A](#fig6){ref-type="fig"}) ([@B23]). At 72 hpi, knockout macrophages exhibited smaller CCVs than wild-type macrophages ([Fig. 6B](#fig6){ref-type="fig"}), indicating that expression of lysosomal genes by TFE3/B promotes CCV expansion. These data correlate with a previous report showing that infected cells have a larger endolysosomal compartment than uninfected cells ([@B41]). However, TFE3/B knockout cells supported higher levels of C. burnetii replication than wild-type macrophages ([Fig. 6C](#fig6){ref-type="fig"}). Thus, CCV size does not directly correlate with pathogen growth ([@B42]). Moreover, the increase in cell catabolism coincident with transcription by TFE3/B does not promote C. burnetii growth in macrophages.

![C. burnetii infection increases nuclear translocation of TFE3. (A) Representative fluorescence micrographs of HeLa cells left uninfected (UI) or infected with wild-type C. burnetii (WT) incubated in complete medium for the indicated times. Cells were fixed and stained for DNA (red), TFE3 (green), CD63 (gray), and C. burnetii (magenta). (B) Quantitation of TFE3 subcellular localization in panel A. The plot depicts means ± standard deviations of the ratio of nuclear TFE3 signal to cytoplasmic TFE3 signal at the indicated time points (*n* = \>50 cells). Data are representative of results from three independent experiments. Asterisks indicate statistical significance (\*\**\**, *P \< *0.001). Scale bar, 20 µm.](mBio.02816-18-f0005){#fig5}

![Wild-type macrophages contain larger CCVs but are less permissive for C. burnetii replication than TFE3/B knockout macrophages. (A) Representative fluorescence micrographs of control (Ctrl) or TFE3/B double-knockout (KO) RAW macrophages infected with C. burnetii. Cells were stained for DNA (blue), C. burnetii (red), and LAMP1 (green). (B) Quantitation of CCV size in control or TFE3/B double-knockout RAW macrophages 72 hpi (*n* = \>100 cells). Data are representative of results from three independent experiments. (C) Replication of C. burnetii in control or TFE3/B double-knockout RAW macrophages at the indicated time points. The plot depicts means of fold increase ± standard deviations in C. burnetii genome equivalents (GE) relative to the mean at 4 hpi for three independent experiments. Asterisks indicate statistical significance (\*\**\**, *P \< *0.001). Scale bar, 10 µm.](mBio.02816-18-f0006){#fig6}
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C. burnetii infection triggers TFE3 translocation independently of T4BSS activity. Data represent results of quantitation of TFE3 subcellular localization in HeLa cells (A) or THP-1 macrophages (B) left uninfected (UI) or infected with wild-type C. burnetii (WT) or the *ΔdotA* mutant for 72 h in complete medium. The plots depict means ± standard deviations of the ratio of nuclear TFE3 signal to cytoplasmic TFE3 signal detected in cells (*n* = \>25). Data are representative of results from three independent experiments. Asterisks indicate statistical significance (\*\*\*, *P \< *0.001). Download FIG S8, PDF file, 0.3 MB.
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Autophagy promotes CCV expansion and fusogenicity without benefiting C. burnetii replication. {#s2.6}
---------------------------------------------------------------------------------------------

The observation that autophagy increases CCV size and fusogenicity has been used to support the idea that autophagic flux generates nutrients for bacterial growth and membrane for CCV biogenesis ([@B3], [@B25], [@B27], [@B31], [@B32]). However, evidence presented here ([Fig. 4C](#fig4){ref-type="fig"} and [D](#fig4){ref-type="fig"}; see also [Fig. S6B](#figS6){ref-type="supplementary-material"}) and elsewhere ([@B28]) demonstrates that C. burnetii does not stimulate or impair autophagic flux. To clarify the role of autophagy, we examined C. burnetii growth in cells cultured in AA^−^ or Torin-1 media, conditions that potentiate C. burnetii inhibition of mTORC1 ([Fig. 2A](#fig2){ref-type="fig"} and [B](#fig2){ref-type="fig"}; see also [Fig. 3](#fig3){ref-type="fig"}) and promote autophagic flux ([@B23]). HeLa cells cultured in AA^−^ or Torin-1 medium contained larger CCVs ([Fig. 7A](#fig7){ref-type="fig"} and [B](#fig7){ref-type="fig"}), with fewer cells containing multiple CCVs ([Fig. 7C](#fig7){ref-type="fig"}) than were seen with cells cultured in complete medium. These data agree with reports that activation of autophagy promotes CCV biogenesis ([@B3], [@B27], [@B32]). By contrast, the levels of bacterial replication were comparable in cells incubated in complete, AA^−^, or Torin-1 medium ([Fig. 7D](#fig7){ref-type="fig"}), indicating that induction of autophagy by amino acid starvation or pharmacological inhibition of mTORC1 does not affect C. burnetii intracellular growth.

![Autophagy promotes CCV expansion and fusogenicity without benefitting C. burnetii replication. (A) Representative fluorescence micrographs of infected HeLa cells incubated for 72 h in complete (Comp), AA^−^, or Torin-1 medium and then stained for DNA (blue), C. burnetii (red), LAMP1 (green), and cells (gray). (B) Quantitation of CCV size in infected HeLa cells incubated in Comp, AA^−^, or Torin-1 medium. The plot depicts means CCV size ± standard deviations (*n* = \>100 cells) at 72 hpi. Data are representative of results from three independent experiments. (C) Quantitation of the number of CCVs per cell in cells incubated in Comp, AA^−^, or Torin-1 medium. The plot depicts mean percentages ± standard deviations from cells (*n* = \>100) containing the indicated number of CCVs for three independent experiments. (D) Replication of C. burnetii in THP-1 macrophages incubated in complete, AA^−^, or Torin-1 medium. The plots depict means ± standard deviations of the fold change in bacterial genome equivalents (GE) relative to the mean at 4 hpi for three independent experiments. Asterisks indicate statistical significance (*\**, *P \< *0.05; \*\**\**, *P \< *0.001). Scale bar, 20 µm.](mBio.02816-18-f0007){#fig7}

Amino acids are required for growth of C. burnetii in broth culture ([@B36]). Thus, it was surprising that growth defects were not observed in cells cultured in medium without amino acids. The AA^−^ medium used in this study contains a limited number of nutrients present in RPMI base medium, such as vitamins, inorganic salts, and glucose. Interestingly, although glucose is not required for C. burnetii growth in broth culture ([@B36]), recent transcriptional evidence indicates that C. burnetii preferentially utilizes glucose, and not amino acids, as its primary carbon source inside cells ([@B43]). We examined whether culture of THP-1 macrophages in medium replete with amino acids and lacking glucose (Gluc^−^) would affect mTORC1 activity and intracellular growth of C. burnetii. Infected cells remained viable during glucose deprivation ([Fig. S2B](#figS2){ref-type="supplementary-material"}) and exhibited larger CCVs than cells maintained in complete medium at 72 hpi ([Fig. S9](#figS9){ref-type="supplementary-material"}). As expected, cells cultured in Gluc^−^ medium showed overall reductions in p4E-BP1 that were indicative of mTORC1 inhibition in response to starvation ([Fig. 8A](#fig8){ref-type="fig"}) ([@B18], [@B44]). Notably, cells infected with wild-type C. burnetii exhibited significantly less p4E-BP1 in complete and AA^−^ medium, but not in Gluc^−^ medium, than uninfected cells and cells infected with the Δ*dotA* mutant ([Fig. 8B](#fig8){ref-type="fig"}). These data indicate that glucose deprivation impairs the inhibition of mTORC1 by C. burnetii. Additionally, C. burnetii replication was reduced ∼10-fold at 72 hpi in cells cultured in Gluc^−^ medium compared to cells cultured in complete or AA^−^ medium ([Fig. 8C](#fig8){ref-type="fig"}). These data reinforce our previous finding ([Fig. 7D](#fig7){ref-type="fig"}) that cell culture conditions that inhibit mTORC1 and activate autophagy do not promote intracellular replication of C. burnetii. Collectively, our data show that potentiated cell catabolism in response to canonical inhibition of mTORC1 does not benefit C. burnetii intracellular growth.

![Culture of THP-1 macrophages without glucose attenuates C. burnetii-mediated inhibition of mTORC1 and impairs bacterial replication. (A) Immunoblot of lysates from THP-1 macrophages left uninfected (UI) or infected with wild-type C. burnetii (WT) or the *ΔdotA* mutant for 72 h in Comp, AA^−^, or Gluc^−^ medium and probed with antibodies against p4E-BP1 or actin. (B) Quantitation of p4E-BP1 signal in panel A. The plot depicts means ± standard deviations of p4E-BP1 signal normalized to the actin loading control relative to uninfected cells for three independent experiments. (C) Replication of C. burnetii in THP-1 macrophages incubated in Comp, AA^−^, or Gluc^−^ medium. The plots depict means ± standard deviations of the fold change in bacterial genome equivalents (GE) relative to the mean at 4 hpi for three independent experiments. Asterisks indicate statistical significance (\*\**\**, *P \< *0.001; \*\*\**\**, *P \< *0.0001).](mBio.02816-18-f0008){#fig8}
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CCV size is increased in cells cultured without glucose. Data represent results of quantitation of CCV size in infected HeLa cells incubated in Comp, AA^−^, or Gluc^−^ medium. The plot depicts means CCV sizes ± standard deviations (*n* = \>100 cells) at 72 hpi. Asterisks indicate statistical significance (\*\*\*, *P \< *0.001). Download FIG S9, PDF file, 0.3 MB.
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Hyperactivation of mTORC1 by disruption of TSC inhibits C. burnetii growth. {#s2.7}
---------------------------------------------------------------------------

TSC integrates signals from a variety of environmental stimuli, including glucose, nutrients, growth factors, hypoxia, and cell stress. Conditions restrictive for cell growth activate TSC, which leads to the inhibition of mTORC1 ([@B18]). Knockdown of TSC1 or TSC2 by RNA interference (RNAi) hyperactivates mTORC1, making it resistant to inhibition by glucose or growth factor withdrawal ([@B44], [@B45]). Previous experiments demonstrated that starvation-induced inhibition of mTORC1 that leads to autophagy does not improve C. burnetii growth. However, inhibition of mTORC1 by C. burnetii is distinct from the canonical catabolic response to cell starvation. To determine if the noncanonical response to C. burnetii*-*mediated inhibition of mTORC1 is important for intracellular growth, we used TSC knockdown to hyperactivate mTORC1 and override C. burnetii inhibition during infection. HeLa cells were treated with TSC1, TSC2, or nontargeting small interfering RNA (siRNA) for 48 h and then infected with C. burnetii. TSC1 or TSC2 levels were depleted throughout the course of infection ([Fig. 9A](#fig9){ref-type="fig"}). At 4 and 24 hpi, comparable numbers of bacteria were detected in the siRNA-treated cells ([Fig. 9C](#fig9){ref-type="fig"}), indicating that TSC knockdown did not inhibit bacterial internalization. However, at 72 hpi, C. burnetii replication was reduced ∼30% in cells treated with TSC1 or TSC2 siRNA compared to control cells. The defect in bacterial replication correlated with decreased CCV size ([Fig. 9D](#fig9){ref-type="fig"}) and increased phosphorylation of 4E-BP1 at 72 hpi ([Fig. 9B](#fig9){ref-type="fig"}). mTORC1 is also regulated by amino acids via the Rag GTPases. However, expression of active or inactive forms of RagB ([@B22]) did not affect C. burnetii replication (data not shown), further reinforcing the idea that C. burnetii modulates mTORC1 activity independently of amino acid signaling. An overview of host cell responses linked to mTORC1 inhibition by C. burnetii is shown in [Fig. S10](#figS10){ref-type="supplementary-material"}.

![Hyperactivation of mTORC1 by disruption of TSC inhibits C. burnetii growth. (A) Immunoblots of lysates from infected HeLa cells treated with TSC1, TSC2, or nontargeting (NT) siRNA probed with antibodies against TSC1, TSC2, p4E-BP1, or actin. (B) Quantitation of p4E-BP1 signal in panel A. The plot depicts means ± standard deviations of p4E-BP1 signal normalized to the actin loading control relative to NT-treated cells at 72 hpi for three independent experiments. (C) Replication of C. burnetii in HeLa cells treated with siRNA in panel A. The plots depict means ± standard deviations of fold change in C. burnetii genome equivalents (GE) relative to the mean at 4 hpi for three independent experiments. (D) Quantitation of CCV size in HeLa cells at 72 hpi treated with siRNA as described for panel A (*n* = \>100 cells). Data are representative of results from three independent experiments. Asterisks indicate statistical significance (*\**, *P \< *0.05; \**\**, *P \< *0.01; \*\**\**, *P \< *0.001).](mBio.02816-18-f0009){#fig9}
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C. burnetii inhibition of mTORC1 triggers a noncanonical response by host cells. The table summarizes host cell responses linked to mTORC1 activation (green) or inhibition (red) under conditions of culture in nutrient-replete or nutrient-deficient medium or infection with C. burnetii. Specific inhibition of mTORC1 by C. burnetii is predicted to promote pathogen replication within the lysosomal CCV. Download FIG S10, PDF file, 0.4 MB.
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DISCUSSION {#s3}
==========

This study was conducted to investigate if C. burnetii modulates lysosomal physiology to generate a vacuole that supports pathogen replication. mTORC1 is a master kinase that regulates lysosome biosynthesis and fusion, as well as trafficking of cargo destined for degradation. When nutrients are replete, mTORC1 is active on the lysosomal surface, where it promotes protein synthesis by phosphorylating 4E-BP1 and S6K1. When nutrients are deficient, mTORC1 is inhibited and localizes to the cell cytoplasm ([@B14], [@B18], [@B19]). Infection of cells with C. burnetii in complete medium decreases localization of mTORC1 to the surface of lysosomal organelles and reduces the phosphorylation of 4E-BP1 and S6K1. Importantly, infection with a Δ*dotA* mutant does not inhibit phosphorylation. Simultaneous infection and starvation of amino acids synergistically inhibit localization of mTORC1 to lysosomes and the phosphorylation of 4E-BP1, and inhibition by C. burnetii is maintained when nutrients are replenished. Together, these data demonstrate that C. burnetii inhibits the activity of mTORC1 in a T4BSS-dependent manner.

Starvation-induced inhibition of mTORC1 disrupts cell biosynthesis, which, along with increased breakdown of cellular components, results in decreased cell size and cell cycle arrest ([@B38]). A noncanonical response to suppression of mTORC1 during C. burnetii infection is indicated by deficient activation of autophagy and by the observation that infection does not decrease host cell size or impair host cell replication ([@B39]). CCV size and fusogenicity are increased when cells infected with wild-type bacteria are incubated in AA^−^ or Gluc^−^ medium, or with the inhibitor Torin-1, all of which increase cell catabolism via autophagy ([@B19], [@B23], [@B24]). Infection with either wild-type C. burnetii or the Δ*dotA* mutant stimulated nuclear translocation of TFE3, indicating that activation of TFE3 is not a direct result of T4BSS-dependent inhibition of mTORC1 by C. burnetii. Instead, activation may result from immune detection of the bacterium via Toll-like receptors ([@B46]). Macrophages that express TFE3/B contain larger CCVs than macrophages lacking TFE3/B. The increased CCV size is likely due to greater trafficking of membrane and cargo to the compartment along with increased synthesis of lysosomal components. Primarily on the basis of increased CCV size and fusogenicity, previous studies have concluded that autophagy delivers membrane and nutrients to the CCV, which promotes C. burnetii intracellular growth ([@B25], [@B31], [@B32]). However, our direct measurement of bacterial genomes shows that C. burnetii replication does not increase when autophagy is activated by amino acid or glucose starvation or by treatment with Torin-1. Furthermore, macrophages lacking TFE3/B are more permissive for C. burnetii replication. Thus, although autophagy and TFE3/B benefit CCV expansion, the resultant increase in cell catabolism does not enhance C. burnetii growth.

Activation of autophagy is evidenced by lipidation of LC3, autophagosome biogenesis, and flux of cargo that is degraded in lysosomes. Autophagic flux is gauged by measuring changes in LC3 and p62 levels over time ([@B24]). We found that infected cells contain more LC3 and p62 than uninfected cells when cultured in complete medium. When autophagy is activated by starvation, infected cells readily degrade LC3 and p62 but maintain greater amounts of LC3 and p62 than uninfected cells treated in parallel. On the basis of the elevated amounts of p62 in infected cells seen both before and after starvation, previous studies concluded that C. burnetii inhibits degradation of p62 ([@B28], [@B32], [@B33]). By quantitating changes in LC3 and p62 at multiple time points after autophagy was induced by starvation, we show that infected cells degrade greater amounts of LC3 and p62 over time than uninfected cells. We therefore conclude that infected cells maintain elevated amounts of LC3 and p62 without inhibiting degradation by autophagy. It has been proposed that C. burnetii initiates autophagy without increased autophagic flux based on the respective observations that LC3 is lipidated and p62 accumulates in infected cells ([@B32]). However, there is no direct mechanistic evidence linking LC3 lipidation with the activation of autophagy ([@B24]). Moreover, autophagic flux can occur in the absence of LC3 lipidation ([@B47]). The non-autophagy-related functions of LC3 include stabilization of large phagosomal vacuoles and lysosomal tubules ([@B48], [@B49]). The involvement of LC3 in the formation of large vacuoles, along with the observation that C. burnetii does not activate autophagic flux, highlights the possibility that non-autophagy-related processes may account for the accumulation of LC3 and p62 during C. burnetii infection. Indeed, a recent report suggested that p62 has a cytoprotective role during C. burnetii infection ([@B33]).

Inhibition of the Rag GTPases or activation of TSC is sufficient to inhibit mTORC1 activity ([@B22], [@B44], [@B45]). C. burnetii is auxotrophic for several amino acids, including arginine and leucine ([@B36]), which are known to stimulate activation of mTORC1 via the Rag GTPases ([@B18]). Sequestration of host cell amino acids by C. burnetii represents a possible mechanism of mTORC1 inhibition. However, accelerated autophagic flux triggered by amino acid starvation does not occur in response to C. burnetii infection. Infection and amino acid starvation exert additive suppressive effects on mTORC1 that are partially rescued by the addition of medium replete with amino acids. This suggests that amino acids and C. burnetii regulate mTORC1 by separate mechanisms, a conclusion that is supported by the observation that C. burnetii intracellular growth is unaffected by expression of constitutively active RagB GTPase ([@B22]).

TSC knockdown blocks C. burnetii*-*mediated inhibition of mTORC1 and impairs pathogen growth. These findings demonstrate that TSC is required for inhibition of mTORC1 by C. burnetii and for optimal bacterial replication. TSC activity is regulated by Akt kinase, extracellular signal-regulated kinase 1/2 (ERK1/2), and AMP kinase (AMPK) signal transduction pathways ([@B18] [@B19] [@B20]). When nutrients and growth factors are replete, Akt and ERK1/2 directly phosphorylate and inactivate TSC, thereby promoting mTORC1 activation ([@B18] [@B19] [@B20]). Cells infected with C. burnetii exhibit sustained activation of Akt and Erk1/2 ([@B50]), indicating that Akt or Erk1/2 signaling via TSC does not promote mTORC1 inhibition during C. burnetii infection. Glucose deprivation activates TSC via AMPK, leading to mTORC1 inhibition ([@B18], [@B44]). However, in pilot experiments, we detected no changes in the phosphorylation of TSC or AMPK during C. burnetii infection (data not shown). Further investigation of signaling pathways that regulate the activity of TSC and mTORC1 during infection will benefit from the identification of the T4BSS effector(s) that targets mTORC1 regulatory mechanisms.

Inhibition of mTORC1 promotes lysosome clustering and fusion, leading to the formation of large lysosomal organelles, such as phagolysosomes and autophagolysosomes. After prolonged starvation, amino acids released by autophagy lead to the reactivation of mTORC1, which regulates recycling of membrane and other components away from lysosomal organelles and the reformation of smaller, discrete primary lysosomes ([@B15] [@B16] [@B17]). Reactivation of mTORC1 during prolonged starvation also results in a cessation of autophagy that is predicted to prevent cell death from excessive catabolism ([@B15], [@B17], [@B19], [@B51]). Cumulative evidence indicates that inhibition of mTORC1 by C. burnetii results in increased lysosomal fusion that supports CCV biogenesis without amplified cell catabolism or suppression of cell proliferation. Thus, we propose that noncanonical inhibition of mTORC1 by C. burnetii promotes CCV expansion along with metabolic homeostasis that ensures host cell survival during C. burnetii's lengthy infectious cycle.

MATERIALS AND METHODS {#s4}
=====================

Bacterial and mammalian cell culture. {#s4.1}
-------------------------------------

C. burnetii Nine Mile RSA439 (phase II, clone 4) was cultivated in ACCM-D as previously described ([@B36]). HeLa (CCL-2; American Type Culture Collection \[ATCC\]) human cervical epithelial cells and RAW 264.7 mouse macrophages were cultured in Dulbecco modified Eagle medium (DMEM) (ThermoFisher) containing 10% fetal bovine serum (FBS) (ThermoFisher) at 37°C and 5% CO~2~. Clustered regularly interspaced short palindromic repeat (CRISPR)-generated TFE3/B double-knockout and control RAW 264.7 macrophages were maintained in DMEM plus 10% FBS and 5 μg/ml puromycin and were a kind gift from the laboratory of Rosa Puertollano ([@B23]). RAW 264.7 macrophages were cultured for 48 h without selection prior to infection. THP-1 (TIB-202; ATCC) human monocytic cells were maintained in RPMI 1640 medium (ThermoFisher) containing 10% FBS at 37°C and 5% CO~2~ and differentiated into macrophage-like cells by overnight treatment with 200 nM phorbol-12-myristate-13-acetate (PMA). PBMCs isolated as previously described ([@B52]) from blood obtained from normal healthy donors (institutional review board \[IRB\]-approved protocol 99-CC-0168) (ClinicalTrials registration no. NCT00001846, National Institutes of Health, Bethesda, MD, USA) were cultured in RPMI 1640 plus 100 ng/ml recombinant human macrophage colony-stimulating factor (M-CSF; PeproTech, Rocky Hill, NJ), 5% human serum, 1 mM sodium pyruvate, nonessential amino acids, 10 mM HEPES buffer, and 2 mM glutamate (ThermoFisher).

Cell infection. {#s4.2}
---------------

THP-1 cells (5 × 10^5^ per well), HeLa cells (2.5 × 10^4^ per well), PBMCs (2.5 × 10^5^ per well), or RAW 264.7 macrophages (4 × 10^4^ per well) in a 24-well plate were infected with C. burnetii in RPMI medium by centrifugation of plates at 500 × *g* for 30 min using a multiplicity of infection of approximately 0.1, 25, or 100 for experimental analysis by quantitative PCR (qPCR), immunofluorescence, or immunoblotting, respectively. In all cell types used in this study, the time points of 4 and 24 hpi correspond to the early and late lag phases of growth, respectively. The time points of 48 and 72 hpi correspond to the early and mid-log phases of growth, respectively. Cells were infected with 10-fold or 50-fold more of the Δ*dotA* mutant than wild-type C. burnetii ([@B11]). Cells were washed once with RPMI medium and incubated at 37°C in 5% CO~2~. Cells were incubated with 500 μl of growth media as follows: complete medium, RPMI 1640 plus 10% FBS (HyClone, GE Healthcare, Pittsburgh, PA); AA^−^ medium, RPMI 1640 without amino acids (US Biologicals, Salem, MA) plus 2 mg/ml glucose; Torin-1 medium, RPMI 1640 plus 10% FBS and 250 nM Torin-1 (Cell Signaling, Danvers, MA); Gluc^−^ medium, RPMI 1640 without glucose (US Biologicals) plus 10% dialyzed serum (ThermoFisher) and 1× nonessential and essential amino acids (Sigma-Aldrich).

Immunoblot and qPCR. {#s4.3}
--------------------

Cells lysed in 75 μl Laemmli sample buffer and boiled for 5 min were separated by SDS-PAGE using 4% to 12% Criterion XT Bis-Tris precast gels (Bio-Rad, Hercules, CA) and were transferred to an Immobilon-P polyvinylidene difluoride membrane (MilliporeSigma, Burlington, MA). Membranes were blocked in Odyssey blocking buffer (Li-Cor Biotechnology, Lincoln, NE) and incubated with the indicated antibodies in Tris-buffered saline containing 0.1% Tween 20 (TBST). Immunoblots were washed extensively in TBST, incubated with SuperSignal West Femto maximum sensitivity substrate (ThermoFisher), and analyzed on an Azure c600 imaging system (Azure Biosystems, Dublin, CA). Immunoreactive bands were quantitated using Image Studio Lite (Li-Cor Biotechnology). C. burnetii genomic equivalents were determined by qPCR analysis of cells lysed and boiled in 0.5 ml of buffer containing 0.05% trypsin, 0.5 mM EDTA, and 20 mM Tris-HCl (pH 8) as previously described ([@B11]).

Immunofluorescence microscopy and image quantitation. {#s4.4}
-----------------------------------------------------

Cells seeded on glass coverslips, glass-bottom plates (Greiner Bio-One, Monroe, NC), or plastic-bottom plates (Ibidi, Fitchburg, WI) were fixed for 30 min in phosphate-buffered saline (PBS) containing 4% paraformaldehyde, washed in PBS, and then permeabilized with PBS containing 0.05% saponin and 5% FBS or with PBS containing 0.1% Triton X-100 and 5% FBS. Cells were stained as indicated. Images were collected using a Nikon Eclipse Ti2 inverted epifluorescence microscope fitted with a Nikon DS-Qi2 camera (Nikon Instruments Inc.) and a Lumencor Sola Pad excitation source (Lumencor, Beaverton, OR) or using a LSM710 confocal laser scanning microscope (Carl Zeiss Micro Imaging, Thornwood, NY). The ImageJ selection tool was used to measure CCV size and quantity. Automated image segmentation and analysis with CellProfiler were used to quantitate signal intensity and cell dimensions as previously described ([@B41]).

Antibodies and cell stains. {#s4.5}
---------------------------

The suppliers and antibodies used were as follows: from Abcam, ab24170 and ab25630 (LAMP1) and ab8224 (actin); from Santa Cruz, 19992 (LAMP1); from Cell Signaling, 9644 (4E-BP1), 2855 (4E-BP1 Thr37/46), 9234 (p70 S6 kinase 1 Thr389), 2775 (LC3B), 6935 (TSC1), 4308 (TSC2), and 2983 (mTOR); from BD Biosciences, 610833 (p62) and 556019 (CD63); from Sigma-Aldrich, HPA023881 (TFE3); from ThermoFisher, Alexa Fluor 568 donkey anti-mouse (A10037) and donkey anti-rabbit (A10042), Alexa Fluor 488 goat anti-mouse (A11029) and goat anti-rabbit (A11034), Hoescht 33342 (62249), HCS CellMask Deep Red stain (H32721), guinea pig anti-C. burnetii serum ([@B11]), and rabbit anti-C. burnetii EF-Ts (elongation factor thermostable) serum ([@B53]).

Cell transfection. {#s4.6}
------------------

ON-TARGETplus SMARTpool siRNA duplexes against TSC1 and TSC2, as well as nontargeting siRNA, were obtained from Dharmacon. DharmaFECT1 (Dharmacon) was used to transfect HeLa cells (2 × 10^4^ cells per well) in a 24-well plate with siRNA duplexes according to the manufacturer's instructions. Knockdown of proteins by targeting siRNAs was confirmed at 48 h posttransfection by immunoblotting, and infections were performed with C. burnetii as previously described ([@B6]). Infected HeLa cells were transfected with Flag pLJM1 RagB 99L and Flag pLJM1 RagB 54L (Addgene; plasmids 19314 and 19315), which were a kind gift from David Sabatini ([@B22]), as previously described ([@B7]).

Statistical analysis. {#s4.7}
---------------------

Statistical analyses were conducted using Prism software (GraphPad Software, Inc.) to perform the unpaired Student\'s *t* test or one-way analysis of variance (ANOVA) using Tukey's posttest.
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